Introduction
============

According to the statistics for 2018, cervical cancer is the fourth most common cancer in women worldwide, with 569,847 patients yearly \[[@B1]\]. Patients with cervical cancer who have progressed to an inoperable stage or have experienced recurrence receive widely used anti-cancer chemotherapy and platinum-based chemotherapy \[[@B2]\]. Cisplatin is a platinum-based chemotherapeutic agent that is widely used for the treatment of malignant tumors, such as cervical cancer, lung cancer, and ovarian cancer \[[@B3]\]. Cisplatin mainly induces cross-linking at the N7-position of guanosine, which modifies DNA to induce apoptosis and kill cancer cells \[[@B4]\]. However, the use of cisplatin as a cancer treatment has been limited owing to its serious side effects involving the kidney or hearing impairment and the emergence of resistant cancer cells \[[@B5]\]. In order to overcome anti-cancer drug resistance, high-dose chemotherapy with increasing dose combination therapy that combines several chemotherapy agents, and concurrent therapy that also involves other therapies like radiotherapy, have been attempted \[[@B6],[@B7]\]. High-dose therapy increases the anti-cancer effect, but the side effects of the chemotherapeutic agent are also increased at the same time, which is a problem for general use. Therefore, the development of a chemotherapy adjuvant that can increase the anti-cancer activity of chemotherapeutic agents, or reduce the toxic side effects of anti-cancer drugs, is recognized as an important research task in the field of cancer therapy, along with the development of chemotherapeutic agents. Recently, polyphenols with physiological activity derived from natural materials for the treatment and prevention of various diseases have been attracting attention \[[@B8]\].

Abundant in beans and plants, genistein (4′,5,7-trihydroxyisoflavone) is a polyphenolic substance that is known to be a phytoestrogen because it acts on estrogen receptors \[[@B9]\]. Genistein is known to inhibit the proliferation of human gastric cancer cells \[[@B10]\], human colorectal adenocarcinoma cells \[[@B11]\], and cervical cancer cells \[[@B12]\]. It is also known to inhibit the development of cancer by acting on antioxidant activity, and inhibiting carcinogen-activating enzymes, cell receptors, and signal transduction \[[@B9]\].

It has been reported that the combination of genistein and cisplatin increases anticancer activity against various cancer cells, such as lung cancer \[[@B13]\], ovarian cancer \[[@B14]\], and breast cancer cell lines \[[@B15]\]. In addition, it has been reported that genistein enhances the anticancer activity of cisplatin against cervical cancer cells \[[@B16]\]. However, most of these experiments have involved HeLa cells, and there is no report on the use of CaSki cells.

The objectives of the present study were to investigate the effect of genistein on the antitumor activity of cisplatin using CaSki cells, and to determine the mechanism of action of genistein against cisplatin, p53, Bcl2, ERK, and caspase 3.

Materials and methods
=====================

1. Cell culture {#sec1}
---------------

The cervical cancer cells (HeLa and CaSki cells) used in the present experiment were purchased from the American Type Culture Collection. Mouse breast cancer cells were cultured in Dulbecco\'s modiﬁed Eagle\'s medium (DMEM)-high glucose medium (Gibco BRL, Grand Island, NY, USA) containing 10% fetal bovine serum, streptomycin (100 U/mL), and penicillin (100 U/mL) at 37°C in 5% CO~2~.

2. Cell viability measurement {#sec2}
-----------------------------

The cisplatin and genistein used in the experiment were purchased from Sigma Chemical Co. (St. Louis, MO, USA). The cisplatin and genistein were dissolved in dimethyl sulfoxide and diluted with phosphate-buffered saline before they were added to the culture medium. The experimental groups were divided into 4 groups: a control (C) group, a cisplatin (CP) group, a genistein (G) group, and a cisplatin+genistein (CP+G) group. We added 2×10^4^ HeLa or CaSki cells in culture medium to each well of a 96-well plate, and cultured them for 24 hours. After adding genistein (0--180 μM) and cisplatin (0--14 μM), the cells were cultured for another 24 hours. Then, cell viability was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay \[[@B17]\]. The absorbance of 3 wells was measured for each group, and the mean value was calculated. The experiment was repeated 3 times in such a way. Cell viability was calculated from the measured absorbance using the following equation and expressed as relative viability:
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3. Western blotting {#sec3}
-------------------

The CaSki cells were divided into a C group, a CP group, and a CP+G group. For the CP group, 6 μM cisplatin was added to the culture medium, while 6 μM cisplatin and 80 μM genistein were added to the culture medium of the CP+P group. The cells were cultured for 24 hours and then collected. We was added 0.3 mL of lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% NP-40, 0.1% sodium dodecyl sulfate \[SDS\]) containing 1 mM protease inhibitor (PMSF) to the collected cells. After homogenization using a Teflon homogenizer (BioMasher, Tokyo, Japan), centrifugation was performed at 12,000 rpm for 10 minutes, and the supernatant was collected and used as a sample.

The proteins in the collected supernatant were quantitated using a Bradford protein assay kit (Bio-Rad, Hercules, CA, USA), and the same amount of protein was electrophoresed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% SDS). The proteins were then transferred to a polyvinylidene fluoride (PVDF) membrane. The protein-transferred PVDF membranes were treated with blocking buffer (5% skim milk), and incubated with primary antibodies (anti-caspase 3 Ab, anti-p53 Ab, anti-Bcl2 Ab, anti-ERK1/-ERK1/2 Ab, anti-β-actin Ab; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and a secondary antibody (horseradish peroxidase-conjugated Ab; Santa Cruz Biotechnology). The protein bands were detected using an enhanced chemiluminescence kit (BioNote, Hwaseong, Korea), analyzed using Image Lab 5.1 software (Bio-Rad), and expressed as the concentration relative to that of β-actin.

4. Analysis of experimental results {#sec4}
-----------------------------------

Each measurement is expressed as the mean±standard deviation, and the results were analyzed by one-way analysis of variance using SPSS 12.0 software (SPSS Inc., Chicago, IL, USA). The significance of the differences was evaluated at the *P*\<0.05 using Duncan\'s multiple range test.

Results
=======

1. Effect of cisplatin on cervical cancer cell viability {#sec1___1}
--------------------------------------------------------

The effect of cisplatin on the viabilities of HeLa and CaSki cells is shown in [Table 1](#T1){ref-type="table"}.

###### Effects of cisplatin on the viability of cervical cancer cells
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  Cisplatin concentration (μM)   Relative vitality (%)   
  ------------------------------ ----------------------- --------------
  0                              100.1±7.3^d^            100.3±7.1^d^
  1                              101.5±9.2^d^            100.2±9.5^d^
  2                              97.9±7.9^d^             98.4±8.9^d^
  4                              101.2±8.9^d^            102.8±9.2^d^
  6                              98.2±7.8^d^             98.9±7.4^d^
  8                              98.0±9.3^d^             81.2±7.0^c^
  10                             75.8±7.1^c^             41.4±4.3^b^
  12                             35.3±4.2^b^             15.1±4.2^a^
  14                             14.7±3.3^a^             13.1±3.1^a^

Relative vitality (%)=(Absorbance in test group/Absorbance in control group)×100, which is an indication of cell viability. Representative results are shown as the mean±standard deviation of triplicates. Values with different superscripts in the same column are significantly different (*P*\<0.05).

The viability of HeLa cells decreased at a concentration of 10 μM or more, and the viability of CaSki cells decreased at 8 μM or more. The cisplatin-induced decrease in cell viability was greater in the CaSki cells, indicating that CaSki cells are more susceptible to cisplatin than HeLa cells.

2. Effect of genistein on cervical cancer cell viability {#sec2___1}
--------------------------------------------------------

The effect of genistein on the viabilities of the HeLa and CaSki cells is shown in [Table 2](#T2){ref-type="table"}.

###### Effects of genistein on the viability of cervical cancer cells
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  Genistein concentration (μM)   Relative vitality (%)   
  ------------------------------ ----------------------- --------------
  0                              100.7±8.6^d^            100.1±6.7^d^
  40                             103.1±9.4^d^            101.2±8.4^d^
  60                             102.4±8.0^d^            98.9±8.4^d^
  80                             101.7±8.5^d^            102.1±7.8^d^
  100                            98.1±7.2^d^             99.5±7.2^d^
  120                            81.4±9.0^c^             92.1±7.7^d^
  140                            55.7±7.6^b^             78.3±5.4^c^
  160                            19.6±4.1^a^             37.7±4.3^b^
  180                            14.5±3.2^a^             13.4±3.1^a^

Representative results are shown as the mean±standard deviation of triplicates. Values with different superscripts in the same column are significantly different (*P*\<0.05).

When measured using the MTT assay, viability decreased at a genistein concentration of 120 μM or more in both the HeLa and CaSki cells, and the degree to which cell viability decreased was higher in the HeLa cells than that in the CaSki cells.

3. Effect of combination of cisplatin and genistein on cervical cancer cell viability {#sec3___1}
-------------------------------------------------------------------------------------

The effect of the combination of cisplatin and genistein on the viabilities of the CaSki and HeLa cells is shown in [Fig. 1](#F1){ref-type="fig"}.

![(A) Effects of genistein on cisplatin-induced cytotoxicity of CaSki cells. CaSki cells viability examined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Representative results are shown as the mean±standard deviation (SD) of triplicates. Values with same superscripts are not significantly different (*P*\<0.05). (B) Effects of genistein on cisplatin-induced cytotoxicity of HeLa cells. Representative results are shown as the mean±SD of triplicates. Values with same superscripts are not significantly different (*P*\<0.05).](ogs-62-322-g001){#F1}

In the CaSki cells, the cytotoxicity of cisplatin was increased by the administration of genistein; cell viability was decreased at cisplatin concentrations of 10 μM or more in the control group without genistein, whereas there was a decrease in cell viability in the group with genistein at cisplatin concentrations of 6 μM or more.

In the HeLa cells, the cytotoxicity of cisplatin was increased by the administration of genistein; cell viability was decreased at cisplatin concentrations of 10 μM or more in the control group without genistein, whereas there was a decrease in cell viability in the group with genistein at cisplatin concentrations of 8 μM or more.

4. Effect of combined administration of cisplatin and genistein on p53, ERK1/2, caspase 3, and Bcl2 levels in CaSki cells {#sec4___1}
-------------------------------------------------------------------------------------------------------------------------

The effect of the combined administration of cisplatin and genistein on the expression of genes involved in apoptosis in the CaSki cells is shown in [Fig. 2](#F2){ref-type="fig"}.

![(A) Effects of cisplatin and genistein on levels of ERK1/2, p-ERK1/2 and P53 in CaSki cells. Representative results are shown as the mean±standard deviation (SD) of triplicates. (B) Effects of cisplatin and genistein on levels of caspase 3 and Bcl2 in CaSki cells. Representative results are shown as the mean±SD of triplicates.\
^a)^*P*\<0.05, ^b)^*P*\<0.01 indicate significant differences compared to the corresponding counterparts.\
C, control; CP, cisplatin; CP+G, cisplatin+genistein.](ogs-62-322-g002){#F2}

The expression level of apoptosis-related proteins was assayed by western blotting using the comparative concentration of β-actin.

The expression of ERK1/2 in the CaSki cells did not differ significantly among the control, CP, and CP+G groups. The quantity of p-ERK1/2 was decreased by 32% in the CP group compared to that in the control group, and by 37% in the CP+G group compared to that in the CP group.

The expression of p53 in the CaSki cells was increased by 41% in the CP group compared to the control group, and by 304% in the CP+G group compared to that in the CP group.

The expression of cleaved caspase 3 in the CaSki cells was increased by 228% in the CP group compared to that in the control group, and by 115% in the CP+G group compared to that in the CP group.

The expression of Bcl2 in the CaSki cells was decreased by 40% in the CP group compared to that in the control group, and by 69% in the CP+G group compared to that in the CP group.

Discussion
==========

In the present experiment, the effect of genistein on the anti-tumor activity of cisplatin was investigated using human cervical cancer cell lines (HeLa and CaSki cells). Genistein increased the sensitivity of cancer cells to cisplatin. The CaSki cells showed a decrease in cell viability at a cisplatin concentration of 10 μM or higher. However, when combined with 80 μM genistein, there was a decrease in cell viability at a cisplatin concentration of 6 μM or higher, indicating that genistein increased the cytotoxicity of cisplatin in the CaSki cells. The response to cisplatin and genistein of the HeLa cells was similar to that of the CaSki cells, suggesting that genistein may increase the sensitivity of cervical cancer cells to cisplatin. Similar results have been reported from other studies, with the combination of genistein and cisplatin showing increased anti-cancer effect in the lung cancer cell study by Tokalov et al. \[[@B13]\], in the human ovarian tumor cell study by Arzuman et al. \[[@B14]\], and in the breast cancer cell study by Pons et al. \[[@B15]\]. In addition, Sahin et al. \[[@B16]\] reported that genistein inhibited the NF-κB and Akt/mTOR pathways in HeLa cells, which enhanced the anticancer activity of cisplatin. The NF-κB and Akt/mTOR pathways are associated with cell growth and survival.

Apoptosis is the mechanism of programed cell death, and is known to be closely related to the growth of cancer cells and the mechanism of action of anti-cancer drugs. ERK1/2, Bcl2, p53, and caspase 3 are involved in controlling apoptosis; ERK1/2 and Bcl2 inhibit apoptosis, whereas p53 and caspase 3 promote apoptosis \[[@B18]\].

In the present study, genistein and cisplatin did not affect ERK1/2 expression; however, the quantity of p-ERK1/2 was reduced, which appeared to inhibit ERK1/2 phosphorylation. ERK1/2 is activated by p-ERK1/2, and promotes the proliferation of cancer cells. Kielbik et al. \[[@B19]\] showed that when cisplatin was administered to ovarian cancer cells, ERK1/2 activation increased in cisplatin-resistant cells, there was reduced ERK1/2 activation in cisplatin-sensitive cells, and the inhibitor of ERK1/2 activation increased cisplatin sensitivity in resistant cells. In the present experiment, the increase in cytotoxicity in the CaSki cells of the CP+G group is presumed to have been closely related to the decrease in p-ERK1/2 levels in that group.

Yang et al. \[[@B20]\] reported that the treatment of cisplatin-resistant cervical cancer cells with microRNAs reduced Bcl2 expression, and converted cisplatin-resistant cells into cisplatin-sensitive cells. In the present study, Bcl2 levels were reduced in the CaSki cells of the CP+G group, which is thought to have been related to increased cytotoxicity in the CP+G group. p-ERK1/2 is known to promote Bcl2 induction \[[@B21]\]. In the present study, the p-ERK1/2 and Bcl2 levels were reduced in the CP+G group compared to those in the cisplatin group, indicating that genistein inhibited the phosphorylation of ERK1/2 and induced the decrease in the level of Bcl2. Bcl2 is an anti-apoptotic protein that inhibits apoptosis. The decrease in the level of Bcl2 in the CP+G group might have induced apoptosis in the CaSki cells and increased cytotoxicity.

Wei et al. \[[@B22]\] reported that the treatment of cisplatin-resistant gastric cancer cells with a type of flavonoid called liquiritin increased p53 expression and converted them to cisplatin-sensitive cells. In the present study, p53 was increased in the CaSki cells of the CP+G group, which may have been related to increased cytotoxicity in the CP+G group.

Apoptosis is ultimately caused by the activation of caspase, and caspase 3 is cleaved into cleaved caspase 3, leading to apoptosis \[[@B18]\]. In the present experiment, the level of cleaved caspase 3 increased in the CaSki cells of the CP+G group, and apoptosis was probably promoted by the increase in the level of cleaved caspase 3.

Based on the results of the experiments described above, the combination of genistein and cisplatin in CaSki cells inhibited ERK1/2 phosphorylation, decreased the level of Bcl2, and increased the levels of p53 and cleaved caspase 3. As a decrease in the level of Bcl2 and an increase in the level of p53 activate caspase 3, thereby inducing apoptosis, it is suggested that the increased cytotoxicity of cisplatin by genistein in CaSki cells is due to the activation of the apoptotic pathway following the inhibition of ERK1/2 phosphorylation and the increase in the level of p53.

Assessing the results of the present experiments, we conclude that genistein enhances the anticancer effect of cisplatin, which may be used as an adjunct to chemotherapy to increase the activity of the chemotherapeutic agent without increasing its toxic side effects. Further studies are needed to elucidate the mechanism of action of genistein in cisplatin anticancer activity.
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